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c)f dtwtl ic tlinlstc:rs.
qualltit.  aLive uildm -
i s  rcqllircd. A ])IIW

tllllgstc;l catllodc was  sllc(:ssftllly c)])(:ltit(!cl  ill Iil]nrgoll discllalgcat  I)rcssllrcsof l.~)tilld 3. OkI’H
[il]d currolt lCVC]S  of 600, 1000  al]d  1400 A. ‘.f ’]lc c.atl)odc L(nnI)cratllrc I)rofilc:s  were  r(:l)cata~)]c
wit]]  tlic ]Illrf! Lullgstcl] cxitllodc i)) c.olltrast to ~)rcvious test Ilsi]lg  tlioriatcd tu]lgstcll c a t h o d e s .
F,xccllcl]t agrcclncl]t w a s  ol)scrved l)ctwcc]; tl]c two lIIt:/is(II{:]Il{:IIt  Lccltlliql]{:s. IIicrcascs ill tllc
()])crtitil)~ c.llrrcnt.  aIld/or  dccrmsm il) (lIC ])rcssurc rcstlltcd I)ri]liarily ill ilicrcasm ill tllc arc
attnc.]llllct]t nlcm witl] slna]l  illcrcascs it) tllc cntllo(l(! ti]) ton})c)titux~:. ‘J’l]c  Variation of tllc
nttaclllncnt arm witli currcnlt allcl ])rcssurc w a s  cllfiractcrin!d I)y Illmsllrillg tllc i n t e n s i t y  dis -
tril)utio]} of all ar~o]l io]l Ii]lc  ]Icar tltc catllodc s(lrfac.f:. AI I [i~)])l[)xill]:it{,ly  Iillwil rclatiol]sl)i~).,

l)ctwcml  tllc currcllt dcn]sity  a]ld  tllc C.atllodc  ((!]l)l){:]atll]{:. Also, all ti])l)roxi-
rclatio]lslli]) w a s  olwc:]vml  l)(!twcml tll(:  efli:ctivc w o r k  flll]ctioll ali(l t.llc c.atl]()<l(:
l(;xrt:ll(?llt  +igrecll]c,lit  w a s  sccll I)ctw{x,ll LII{: {~x])(}lilll(:l]t:tl ~laf:i a]id {l)c ]Ilodcl

IIltrodllctio]l

life of (llerrtlicnlic  catlIodcs i s  i m p o r t a n t  f o r  a  Illllnl)cr  of t]i~tl cllrrc]l( discliargc dcvicm,
]):irticularly scwral claws of clcc(ric tlIIuskls suclI  as clcctrottl(rlllal arcjcts 2iIId ]ll:ig[}(((~l~l:  is[[la(lyrlarllic
(Ml)l))cllgir]es. 14c~wtl,r\]stlc,clscli  ctatct)l lrrltil  llcsofsc,c  r:iltl]c~llsa]ldllc~  llrs, a n d  tllc! Catllodcs  of ttlc’$,c!

dttviccs  arc oftcll tlIc  Ii fc-lilnitillg,  COIII[)OIICIII.  llig;l)-currcllt ca(l Iocl I’s :irc sIIl)jcct to fdilurc II KJdCS kvllicl] C:irl

I)r classifid a s  ci(llrr rvctlt coIIscqucIIl  c,r ~lIc result o f  darlla~,c  :iccur]l{]lalio[l. I;vcllt  cmlse(lNct  It f.aili]rm,
SIICII as cat}Iode  r[wltillg as a res~]lt of cxcrssivc  res is t ive  llcatill~,, arc tllc rcs~]ll c)f it si[l~,lc catii.strol)liic ev(llt

aIId car] lIc adequately cl]ariictcrizcd  I)y tcslii)g alc)rlc, ll(JwY-vcr, it is illll)racticdl  to cl]arac(erizc tlIc  fa i lure

Iisli a s s o c i a t e d  wi(ll  (I:irl]agc  accutnllla(,  iotl f:iilutc rimdcs  l)y tcs(illg alorlc  l)cca~lsc of tllc cx(r(rlmly lor I~, trs(
dllriitiotls required to olwcrvc  Itlc  failures \ra]i~at,i~ll  Of catllc)(lc  sfrvice l i fe  II[ldcr co]ldiL~)rls wllcrc  dalllti[,c

iicc[lrlll]la(iorl  fail llrc  rrm(lcs  arc critical (Ilcrc[orc lImst rely I](,avily (Jri rllodclir)?,  of tlII, [)llysics  of failure. ‘1’IIC
ro]c of tcslirlg is to idclllify tt)c  cri(ica] failurr II Iodcs, vtilidatc  (lIc [Ilodcls  of failu[r alId [)rc)vidr  ill for[[)atit)ll
(III (lIc r[mclcl it]])ut [)ararllctcrs sucl  I a.s rtld(cl  ial I)rol)crl.  ics :irld o[)cratirlg  crll’irollrli~llt.

IIigll  currcrl! c a t h o d e s  a r c  I)c.irlg strtclird at ttlc Jet  l’r<)l)lllsiol) l,almratory :i~ I):irt o f  tlIc Aclvallcc(l

l’ro])ulsio[t  (;c)llccl)tsl)r<)grar[l. 'I'lleg[)al () f(llc[)rc)grarl  )istc)(lcvrlc)l) lc)rlg-li\fc({  catllodcsarl,d tllcaualytical

CCIIIy IiSl!l  @ 1996 A[r,clicari  lttstilute  o f  Acrt,rlauLics ZIIKI Astrvrta~!li(s,  III C., all rights IcsrIve<l.
o Nlclt)l,m  of tlw  ‘Ikcl]r,  ical Stmfl, AdvaIIccd  l’~o},l]lsio]t ‘1’C C}IIIO 1O F.Y (;rol]l)
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t o o l s  k) val idate  tl~eir scrvicc life. (:athodc erosiotl, wllicl) aI)pca Is 1(J l)c llIr’ do]llirlatlt dmnagc acculllulat ion
failure I[de, has beclI  slIc)wn t o  clcl)clIcl strorlgly c,rl tt]e  catlloclc Ierlll,craturr’ [ 1 ] ,  ‘1’tlerefme,  i~art o f  (}]is
study is  ir]kr~clcd  to j~rovicle a sirlll)lc  II ICaIIS of I)rcdictillg IIlc  catl Iodc  tc]lllleraturc f o r  val i o u s  tllrustcr
ol)cratillg cor]clitiolm,  III additic)rl, t,l Ic tllcrlnal cllaractc~ istics of tllc e lect rodes  lIlus L be kllowll  to corlll)utc.

ttlc o v e r a l l  thrustf’r Lllcrlrlal  l o a d s  t o  tllc sl)acccraft. hlodcls rllust  alsc) I)rc)vicle tlIC al)p]o])riate I)ourlciary
cc)ncfiticnls at tlIc cathc)rle  s u r f a c e  f o r  lIlodc-ls c)f ttle o~>cratill~, cllaractcristic.s c)f tlIc  Lllrus(cr.  I’c)r Cxarll[)l(,,
(IIC currcrlt cc)rltc)llrs wittlirj tlIc  Illagrlctof)la.srlla(l  yrlarlli(  tllruslrr carlrlot t)c s})ccificd  irldci)cr]dcrltly o f  tlIcI
catlloclc terll[)cratrtre cfistril)utior]  bccausc tlIc rl]ajorit.y  of  tlIc  currc[lt is frorrl tllcrlllic)rlic  crllissic)m  Sirlcc  tllc
cathc)clc  II IOCICI  I)c)ll]lclary cc)llcfitiorls  also dcl)crid  oti the c h a r a c t e r i s t i c s  c)f the rllairl l)laslrla, tile (WC) rrlodcls
[Ilust  I)c ultirllately cc)lllllecl tc) o!)tairl  aII o v e r a l l  rIIodcl c)f tl]c c:ill IcJdc  regiori  of tllc tllrustcr.

A series of r]]odcls  cicwcril)i[lg (IIC cathode arid  l)la-~rlla  irltcractiorl arc beirlg  dcvclc)I)cd.  ‘1’lIc cat Ilodc  rllodc]
cc)l)sists  c)f t w o  I)arts, rlrrl[lcly a IIcar-cattlc)dc l)la-~lIIa lIIoclcl alId a tllcrllml rllodcl  of tllc catlloclc[2  ,3,4,5].  ‘l’llc-
rlcar-cattlocic  ~Jlasr[la rncdcl cc)r]]]ects ttlc I)rcy)crtics  o f  IIIC Illairl  I)lasrna wittl  tllc cattlocic. Sl~ccificallyl
givcll  tlI12 l)lwrtla ~~rol)crtics  wit]lirl  a l]learl-frcwl~atll  o f  ilIc sllrfacc, tlIc  Ilcar-catllodc lIIodcl  l,rcdic(s tlIc
ltcat flux arid currcrlt dcrlsity to ttlc catlloclc surface.  Wittl tlIcsfs Ijoullcfary  collditiorls  arid tile traditiol]al
tllcrrl]al Lrarlsl)or[  rnecllanisrns, ttlc tlicrlnal r]locicl earl I J r t ’ d i e t  tllc tcrlll)craturc clistril)utiorl witllill tlic

catllodc. lkcause of the irltcl  dc[)crldcllcy  c)f tile tw’c~ rilc)clcls, tlIcy  IIlust  I)c s o l v e d  silil~lltarlcc)llsly.  ‘1’IIc irll~ot
l)aralllctcrs usccl I)y tllc lncdel fc)r ttle I)lasr[)a  cmlsist o {  tile slIeatlI vc)ltage,  tlie [)ressure, tllc ic)rlizatic)fl

erlcrgy c)f the gas, tile ion II13W, tllc surface work furlctic)rl,  arid tlIc surface tcrlll)craturc.  ‘I’l Ic arc attactlrlmr]t
area is alsc) sl)ccificxi  h ]ilnlt 1.1117  t.c)tal currcrlt, wl)icll i s  calculated using tllc givcrl  at. tacllrlwrlt area arid tlIc
calculatcxf current dcrlsity clistributic)rl. ‘1’IIc tt)ertllal  II ICKIC1 irll,uk corlsist o f  (IIC l)asc tcrlll)crature or  lI~at
f l u x ,  tile convcctiotl  cocfli(icrlt a[ld crlvirotl]rwrltal trrn[)eratiirc, tlIe  s u r f a c e  erllittarlce arid Crlvirorlriwrltal
tcllll)craturc, aIId tl]e rllatcrial tllcrrllal  cc)r)ductivity  aIId res is t . iv i iy .  A  ser ies  of  tllcrrllnl rlmd[ls Ilavc  I)CVII
devclc)l)cd  wittl diffcrcr)t levels  of aj)})roxirllatiorl. ‘1’lIc rlc~rllirlcaritics  c)f tile systcrn cquatiorls cari  ijrcscr]l
rlllrllcrical diflicultics. ‘1’tlc~ sirrll)lcrl  c)rlc-clirrlcllsic)llal lIIcxlcl:, cal I Ijc used  (c) IIrc)vidc start irlp, Iloitlts f o r  tile
lrlore  cor[l})lctc  t w o  dir[}crlsiollal  rnodcls, sigllificarltly rcdu( rll.g [IIC cc)rr~[)u(at iorlal  tirlw  rcquird. Alttlc)u~,ll
tllc quasi- twc} diilmrlsiorla]  lIIoclcls I,rcwidc  a gc)ocl first al~l,tf)xirlliitic)ll,  a t w o  clirllclisiotlal  lII(Idfl is rcqllircd
fc)r a dctailccl urld(rstarlcling c)f tllc I)rc)ccwx’s invo lved .

‘I’l Ic focus of  (Iic cxl,crirllclltal I,art of tltc I,rograll) is 1{1  ((.s1 lIcv., catl Iode  c{ II Icfl Its, i(lclttif”y ttle c[it ical
f a i l u r e  rnccllarlisrlls, ~Jrovidc a datal)asc c~f trlcasurcriwrlts to v a l i d a t e  tile catllc)dc rlmdcls,  ar id  clckrlliirlc
tllc values c~f tllc critical II IcdcI clrivcrs  sucl  I a-s work fuf Ict IOII a]Id f,as l)rcwurc. ‘1’IIc I)url)osc of this l):i[)c r

i s  to I)rcmr]t a  (Iatat)a.w c)f tc’rlil)craturc l)rofilcs  rcceltt]y ol)tirirlcd  cn’cr a rarl~c  c)f alrll)icllt  I)r-cssurcs  a r i d

currcrlt lCVCIS  fc)r a c y l i n d r i c a l  l)urc  turlgstetl  cattlodc. A  sigllificatlt  variatic)rl  ill tlIc catllodc tcrlll)craturc
distril)ution w a s  c)lwrvcd irl })rcvious  exl)crilllerlts  usirlg  t.lloriatcd torlgstcrl  cat]lodcs [6 ,  ” / ,8] .  III additiori,
tlIc  size of tllc attiicllrllcllt area arlcl Clcctrc)ll kllll,crat~lrc  tvcrc cll:iracicrizcci  to I,rovidc  irl})uts 10 sul)scqllcrit
rllodelirlg  cflorts.

‘1’IIc cat}lc)clc test facility is slIow II ill tile cliagrarll  irl I:ip, (1 ) ‘I’l Ic staitllcss steel lacuul II cllii[lll)cr is O 5 In
irl cliarllctcr arid  ?.4 III Iorl F; rrIId i s  cc)rlllloscd  c)f 4  ~vatcr cc~cjl(d cylirldrical  sc~,lllcrlts.  III additiorl,  a water -
cc)c)lcd col)[)cr  Iirlcr  lIa-s burl illscrkd irl tlIc  IIliddlc  t w o  S(,I:III(II(S  tc) I)crrrlit  Ic]llp,-(luratioll  c)l)ciatior] A s  tlIc
scllcvllatic  ill I:i/,  (2)  slIc)ws, llIC f i r s t  scgIIIet  It fort[ls  tllc <llsclltir~;e cllarilt)cr. A  !vat.cr-c(mlcd,  rirlp,-sllal)ed
col~l)cr arlcrdc witli a diarllct(r c)f 7.6 CII~ is tliourtt.cd  C)II a flaIIp,{ Iocatcci  t)ctwcel]  and  c~lcctrically  i sola ted  frc)rll
tllc first two tank scg[ltcrlts. ‘I’l Ic catliodc f i x t u r e  Irtc)llt]tc(l CIII  tllc vacuurll ctlarllt,rr doc~r is coIIIl,cmd  of two
cc)axial  tul)cs clwtrically i s o l a t e d  froill  cacl I c)tllcr aIId tli( (Ioc)r witfl  IIlicarta rill~,s. ‘I’l Ic illrlcr  tul)c serves
a s  tllc c.atflodc  currerlt f e e d  a]ld  Ilas a water cc)c)lcci (al)  {)11 (lie erl(l to wliich  t IIC cat}[oclc  is clarriI)cd.  ‘1’l)c
c)ukr tuhc is electrically floatir)g  and has a water-cc)c)lcd ci)l)[)cr  disk r[lourltcd  C)II  tl]c  CIId with  arl al)crlu[c
ttlrc)ugh  wllicll  tllc catllc)dc  l)rotruclcs. “]’hc l)rc)l)cllallt  gas  is illjcctcd lwtwcwll ttlc tw,c) tut, cs arid flc)ws i n t o
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ttle disct[alg,e  ctlali)t)er t}irougl]  ail a]lnl)lus aro~]rld tlIc I)asc o f  tlIc  catllodc. ‘1’tlc it]tcrclcclrodc gal)  is set
l)y Lllc tliick]lcss o f  a  sI)accr ill tllc catllodc asscrlll)ly. ‘1’tlc catl]odcs IIscd iri this ir]vcstigat iorl were rods of
2 lwrcellt tl, oriatccl tull.g,stcll  7 6  111111 lc)IIg aIld 9.5 111111 ill dLiI1lctcr  with }Iclllisl)llcrical ti[m.  ‘l’tic last taIlk
scg II IrII[. co]lt sills a tlcat cxctlanger  lnadc of watcl - cooled, fi]l]led coj)l)rr  t ubirlg  to cool ttlc cxliallst t)cforc  it
cllters tllc I)llrnl)illg  systclll. ‘1’lic tatlk lIM a Ilurlll)c[ o f  I)c)rts wtlicll  I)rt)vidc  ol)tical access to tl)e disc} ]ar$:e
clia]lll)c[  as well as tllc I)IIIIIW. IIt additio]l, tllc catl]odc aIId tlIe  d i s c h a r g e  call  Iw v i e w e d  alo IIg tlIc taIIk  axis
tlIIOII{,,l I a wiIidOw at t}]c  rear of t}lc tank.

‘1’l)c vacuuIn chalthct is J)uIIIpcA by a 610 1/s ]{oots  I)lowcr I)ackd I]j a 140 1/s Stokes I]lcctka]lical  IJ(IIIII).
‘1’lIe s)strl]] is ca])ablc of acl)icvi[ig  a vacuu]n of 1(,ss tlIaII  0.13 I’a witl) 110 [)ro[)cllallt flow alId aj)j)rcmitllatcly

80 l’a with an argon f low ra te  c)f 0 .75  g / s .  lli~,l]cr arlll)icllt gas l)r~ssllrcs  arc actlicvcd l)y tllrottli]i~, tlIc
I)u]lll)illg  sjxwd  w i t h  a  v a l v e  OJI a l)y I)ass arou[]d  LIIe Illfiill vacuLIIrI valve. ‘1’lic all]l)iellt  [)rmsurc c.a II lIe
co]ltrdld 10 witlli[l a~)])loxilllately  4 30 7 0  l)a  ‘1’llc a r c  i s  ~Jov!crcd I)y two hfillcr wcldirlg  [)ow!er suj)l)lics,
cacll  of wlticll  call  [)rovirfc  1500 A at a load voltage of 4(I V corttilluollsly  or 2000 A at 40 \r with a 50 l)cr(cllt
d u t y  cycle.  ‘1’tlc itlitial arc I)rcakdowll  is accolril)lislled  wril]l a d A, 8~J() V start su])l)!y.

‘J’tlc factory s]lu]}k  irl tl!c  kfi!icr  welders have lKeII rc])!aceci  with [)rccisioll  s}]u[lts tl)at arr used to I[wf]itor
tlic a r c  ctlrlcllt. ‘1’}lc tcr[llillal vo]tag,c  is Ilwa.surc(l  at ttlc curre[lt fcrd[llroug,lls i]lto  tllc tatlk. ‘1’lIc l)rol)cllaltt
flow rate is rlwa-surccl ufitll a Sierra Iilstrul[lc[lts Sld(rl\ak Model  83[1 flow ]Ilcter a]ld a hlicrotlmtioll M o d e l
1)6 (Ic)iv [I]ctcr  WIC! co]ltr~)!](d  wit]l  a L]irot.t]illg  \it]\r( located just ul,st [tall) of tllc irl]ct  to tlic ca thode  fix(u  Ic.
‘1’IIc flow Ilwter mltj)ut was calil)ratcd by IIwas{lrillg  I)IC t[la.ss loss frolrl  all argotl  WLIC  as a fu[ictioll of tilllc.
‘J’llrce M} ’(S llarotron cal)acitallcc rl)ano[lmtcrs with ratlf,cx  of O 13:1 l’s, O 1.3 x 104 l’s, allrl O 1.3 X 10s l’a
ar<, IIMXI Lo Illo[iltc)r  j)rcssu  ICS. ‘J’tlc tltrcc trallsd(lccrs ale IIloulltcd ill a sill~,]c rllarlifold  wilil  t w o  illl)ut l,ut,(%.
OIIC  Iillr’ lllct~surcs  t h e  tal!k [)rcssLlrc ttlrougtl a fccdttlrougf! or] ttlc (I!alllt)er d o o r . ‘1’IIcs( I)ararnetcrs alld  a
Ilulllllcr  of facility tcl[l])craturcs arc rccordccl  with a col[]l)utcr systc[[l

A  (;ll)’I’IIC ? 2 5 0 - 1 )  (~llargc  lrljcctioil  I)cvicc (Cll)) catllcra ~vas ( II OSCII  as all ol)t,ical  I,yrollmtric stl)sor
t o  rllcasure t]]c  two di[llellsior]al tcr)liwraturc field 0 1 1  t]lc  cat}lodc. ‘1’}lc sys(cIII  ol)tics aIt coIIIIJoscd  of t w o

illt.crfcrerlcc  filters with a 10 nrn I)arldl)ass  cc[)tcrccl  at 632.811111 artd  a Io[}f, I)ass  filter Ivitll a cutofl Wavclcllgtll
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Figure  Y Scllellmtic o f  tlt~ flrctrodc cc)llfiguratioll

of b70 rlll~ ‘l’tic carrna lclis  al, crtutc is fixed  at a  r e l a t i v e l y  sf])all  valt)e  of f’/4 itlld IIclltral dcilsity  frllcrs ale
used  k) co]]tro]  tllc i]]]age  illtc]lsity. ‘J’IIc i]l]agitlg  a r r a y  tlas  512 x 512 (111) d e t e c t o r s  wllicl~ arc t c a d  out at
a ]Ilaxi]l](lln  rate of tllir(y til[m [)er second,  ‘J’l Icse val IIcs arc cm]vcrtcd to arl ana log ,  signal, w’llicll  is tlIc  Il
furt]lcr l)roccsscd arlcl outj Iut as a IIortllal  viclccr sif;l]al  I)y Illr ca][]cra clcctr(,]lics.  ‘1’ttc v ideo  signal is di~,it  izcd
I,y a l)ata ‘]la~lslaticn]  1) ’1 ’-2862 $1, it frarlle-gral)l)cr I)orird, ~vllictl yicl(is  a firlal v a l u e  bctwccll (1 afld 255
co]fcsl)c)]ldillg  to tllc itlcirfcllt  I)owcr. ‘I’l Ic carllcra outl)ut  wa-$ calil, rated a.s a fullcLiotl o f  illcidc~l( radia[lce
{Isillg a t[]ilgstcll ril}lmli  lalIl\]. ‘1’l]c calil)ratioll ~)roccdurr  all(l a detailed cl ror  allalysi<  f o r  tllc tcil)l, craturc
r[lca.surerllcllts  arc discussed irl [6]. A surface clnit(.  atlcc  value of al~out O 57 was used for all tllr’rlllal  data
a]lalysis I)ascd  011 IIwasurcrlwllts lnadc iii lkf. [6].

III ttlc exl,criltwllts ttlc calnera atld  ol)tics were  tmnilltcd outsirfc tllc [Ilallll,cr al)out 3 9 . 5  c[n froln tllc
cattlodc. ‘1’lle video c)utl)ut  from ttlc calrtcra was  digit i~.c(l to l)rovidc real tilllc ]Im]]itc)ritlg  of ttlc tcll]l)craturc
distributio[l.  OIIC Iil]c ill v i d e o  Incrimry  CIIOSCII  to  corresj)olld to tllc axis of  (Ile cattlodc was satm)lcd frot[l
cacll  fralllc. A givcll  nurnbcr  of lirlcs  were  averaged,  disI)laycd  ill real tir[lcl and I)criodica!ly stored 01) disk.

‘1’t)c catllcra  was also usccl to studj’ tllc extent of tllc aIc attacllllmllt rcr,ioll. ‘Iwo  il~tcrfcrellcc  filtrrs witl~
a  I(I lllrl l)arldl~ass  ccrltcrcd at 488 1111)  \vcrc u s e d  to sel(ct r a d i a t i o n  fro]ll  all itltc]tsc arp,oll ion Iillc. lf; lltirc
illlagcs of I.IIC catllodc al]d IIcar-catllod(, disc} large rcgioll  Ivtrc tllcll cal)t  {lrc<l  Jvit[i (IIC frallw g,ral)l)rr  I)cj:ircl
at]d a[]alyzcd to yiclcl tlIc Iatcral itltc[]sity distributio[l. ‘1’tl(sc ]Ilca.surcl[wllts  were used to cal(ulatc iiII ul)l)cr
l)ou IId 011 (Ilc aIc a(tachrl)crlt ,arca aIId tllc at,cragc cl II I(Lt It (Icllsity ill tllc attacllrlwtll zol Ic. ‘1’llc illlctlsity
S( aIIS vwrc  t,l Icn Al)cl i~lvcrtcd  to I)roducc  radial c[[lit t.allcc  prof i les  [9]. l’iltcritlp,  of tllc data }vas doIIc \villliu
tlIc  Al)cl i[lvt,rsioll  mutillc using a  l;[l{  lilaclirilall wil)d(~iv([l  filt.rr.

A  s e r i e s  of cxl~crirncllts w e r e  I)crforlltcd using a (,111( (.u[lgstcll  catt~odr to clil(lillatc  tl~r s~,atifll  and
tcllllmritl  v:iri  iit  iolm in the surface work fullctiotl  that wtrc ol)scrvcd with t t}c t Iloriatcd tllr,gstcll  cat llodcs [8,

~]. ‘1’llc t~st$  Were imfcrrrrlcd usitlg  argon gas  at j~rcssurc  Icvcls  of 1 . 5  arlri 3 . ( )  !iI’a,  arid f(jr c(lrrcllts of 600,
1000 arid 1400” A. ‘1’hc pressure  was  lilnitcd  to 3.0 kI’a  and I)clow I,ccausc tllc rnodcl  prcdictcd (Ilat cittllodc
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I’igurc 3  l’urc trIIIgs(c II catlIode  I)rofilm.

llwltir~g w’ollld occur f o r  t,hc tligl)cr  pressu[cs arIrl tltc lli~ll catl Iodc  til)  kml)craturc$ rllcasured rfuril]g  tllc
tcsls colifirllmd t,llis.

‘J’t)c catlIodc il[itially l)acl a  IIetoisl)tlcl  ically  stlal)cd til) tl]at l)ccrrIIIc trmrc “l)ull{t  sliapcd’)  a s  tllc tests
[)rc)cecdml. ‘1’llc  irli Lial and final  I)rc,filc sllal)rw  arc sI](,w,II ill I’ig. ( 3 ) .  SoIr Ic o f  ttlc lll~itcrial  tl]at cval,  oratfd
frorll  tllc s ides  w!~q rcdc~, ositccl  011 ttlc [ill. ‘1’l[c iliitial ti~, growth trtte, dc{crlllil~rxl  fr(}l{l tlic callwra itna~(,s,
was  a[)ljroxll]latcly  ().4 ~llr[l/hr  Ltlt  the rate ]Iad slmvcd  10  ri])out  (),] ll~rll/llr  at t,llc c[ld of l)IC first s e r i e s  o f
[csk. (;at]l<)dc  tellll)cralurc and e]ect,rolt  icrlll)crat[lrc scalis v.,crc IJcrfc.,rlll{.d (i~lrifl~, cacll  o f  tllc f i r s  L scri(,s
o f  t,ests,  wllictl  lrtsLcd al)c)ut  t}lrcc~ to s i x  Iiours  cacll, N(gligi})lc  ?,row, tll was  oimrvcd d(lritlg L]IC  secoIId aIId
t]lird s e r i e s  o f  k+ts. ‘1’hc secoIIrf a n d  t,ilird s e r i e s  o f  tests la..kd at,out orlc }Iour cat II, just loIIg cnoug}I  (,o
ol)taill cat]lodc tcxnlwrat.urc I)rofilcs,  ‘1’l]c l~mc Lullgstcll  ca(}lodc  rcactlcd ttlc]roal cqllilibriu[n  (> !)O i~crccllt
o f  final  vallte) ill tw,o to L]lrcc carl)rra  scafls (30  sccoli(ls I)ctwccrl  stalls) colrll)arcd to atlollt one  ]Iour  for tl)c
t}lotiatcd  tllngstcli cat]] odes, ‘1’]lc long  cqui]il)ratiotl  lillw for tlte ttloriatcd Lltftgstcll  c a t h o d e s  i s  ])rol)at~ly
doc to L)lori(lrrl ~lligratic)ll  cNi t,llc s u r f a c e  [7,5].

‘J’IIc Lcllll)craturc  I)rofiles,  SIIOIVII  iIt lpi~,s. (4) and (f)), for (]IC sccot]d  a!ld  third series of tests indicate that
tllc.rc  is ?,ood rc})catahility ill tllc catl]odr tcllll)cratur( rl]ca.wlrclllclits. ‘1’}Ic tcllll,cralurc 9)10fr1cs  fro!o  L]Ic first
srrics of t e s t s  w,crc IIOt usc(i bcca~lse  of l)(It]I t]lc  cllall~,irlg  til)  sllal)c arid a sIIIiill s)lift  ir) t]lc  tratlslllit,tallcc of
tlIc  window  used for ~ttc i]]liigirig  calllcra. ‘J’l]c trarlslllittallcc shi f t  was  l)rot)at)ly  duc  to tullgstctl cval)oralfd
frc)ll] tllc cat  tlocic dcl)ositirlg  oli t Ilc witldow  bcca(ls<  clcallillg tllc wilidow  r e s t o r e d  t  lie tralislllit tallcc to ils
origi]lal valIIc.  N o  cllaug,c  ill tlIc  willciow trarlslllit[atlcc w a s  ol]scrvcd d\ II IIIg tllc catllcta calil)ratiolis lllat
fo l lowed tllc sccoIId  arid third series of tests. All of tllr axial tcrttl~cratrlrc IIrt,filcs  dc( rcasc rtmliatotlicaliy  as
OIIC  II IOVCS  frorrl  ttlc ca thode  til)  towards  tll( t]asc. ‘1’l)is sllal)c was also  sc{rl for t}Ir 4.5 arid 6.() kl’a ca.ws
witl!  ttloriatc(i tullgstcll {attiodcs, but for tt~c 1.5 all(l :{.0 k})a cases  a  [Ilaxi[llurn irt tile tc[[)l)erature l~rofilcs
cxistc(i a sllc)rt  {iistallcc fror~l t,lic til) [8, !j]. As SIIOWII ill l~i~,. (4) arid I’ig, (h)  irlcreasi{lg  tllc currcl[t c a u s e s  an
irlcrcasc irl tttc c.atllodc tcni~)cratures away  frcrln Lllc til) but does not sigllificarltfy affect L]lc tip tcln[)craturc.
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lJigurc  4: I’[Ire  tuIIgstcn catlIcrdc  axia l  kr])l)erature [Jrofilcs  for a tat]k I)rcssurr of 1.5 kl’a w’itll currc]lt as a
Imra]ywtcr.

‘1’t]at is, ttlc attacll]neI]t  alca il]crcases lnore  .tllall  tttc catllocfc  tctllIwratrlrc,  or currcllt dcllsity. ‘1’csts w e r e
Iilnitcd to j]rcssurr-s  o f  3 . 0  kl’a arid less  I)ccausc for  Iligllcr  [,rrssurcs tlIc  IIlc)drl [,redictcd t h a t  ttlc cat,tlc)jc
Li[) would  mel t .

‘1’IIc Il!arkcls sl)mvn  WI( It crrc]r  I)ars  ill tlic ca(tlodc te[lll)craturc [)lots  arc t I}c lllcasulclllc]lls lIiadc wi(li
tile lmcls and Norttlru], disa[)])caril)g fila]t]cllt  o],tical l)yrcrllmkr. ‘J’llerc i s  cxccllelIf  agrec[[wlit t)ctwwrl
lhc  (iisa})l)caril~g  filatlm]l(  i)yrc)rlwtcr  Inca.sureillcllts aTI[i tilr illmgr calncra 111{’a.s~lt(.lllrllts.  ‘1’l]is corlfirlns

lhat tllc cal]wra i s  accurakly dcterlnining tllr catllocic tc]nl)craturc. A t  tllc catllc){ir  til)  tlIe  disal,l)carillg
filalllcllt  ]Jyrol[mtrr ~nca.sl(rcl[wlits  a r e  colwistclltly  low l)ecausc ttlcsr tcllll)craturcs a r c  IIritr Ll]c ul)~)cr CI)CI
of its Ilwmlretlwllt rarlgc wllcrc it is less accurate. ‘1’llc sl)at. ial erlor I]ars  arc collsclvat. ivc cstitrlalrs for t}ic
instrtllmv~t  l)oitltirlg, ‘1’hc rtwasuretrwlits  could I)r accurtitrly  rcl~catcd f o r  tile locatiol!s  IIcal tile catllodc ti[)
a]Id tllr twc) fllrttlcst frm; t tile til)  I)ccal)sr rlmrks  OJI tltr c a t h o d e  II]adc  tl]rlll ra.sy tc) Io{atr,  ‘I’l Ic s p a t i a l
error I)ars  a r c  I)ascd  o]i tl)c  sccolld and  ttlird I)oi]lts  ~vllicll  w e r e  Illorc  diflicult to Iocatc. ‘1’l[c tclrtl)craturc
rrror I)ars  arc I):isc(f 011 a (o[lscrvativc cstilnatc of 5 l)crccllt accllracy [10,1 1]. ‘i’lie crrot l)ars for tllc calllcra
tcIllIwratrlrc [)rofilcs,  ttlat arc Iocatcd 011 tllc Icft s i d e  c,{ tllr l,]ot, w e r e  sizcxl at :i 3 l,crccllt [6,5]. A  s~)atial
error o f  i)llls  o r  I[lil)us  olic  I)ixcl (0.2!)8 1[11[)) Iva.s oscd  fo[ a l l  o f  t,lic calllcra i(ll:igcs llottl illstrurllcrlk slid
tl]cir rcsl)cctivc vacuolll liIIIk windows  w e r e  caliljratcd usil)g  tllc salllr i)lack  I)c)dy ctilil)ra(ioll s o u r c e .

‘1’l]c e f f e c t  o f  ctiallgrs ill tl]c tal)li  I)ressurc oll tile trllll,craturc I,rofilrs is slIowlI  ill l’i}{. ( 6 ) .  Itlcrcasillg
tllc tallli l)rcssurc r a i s e s  tile cathc)dc ti[) tclllj~c~atrlrc  sli~,lltly  arid  Io)vcrs ttlc (crlll)cratu[cs furtlicr frolll  (Ilc
t.ii), ‘J’llc salllc cfkc.t WM c,lwcrvcd  irl ttlc t]lo[ ia(cd  tullp,s(ril cattlodc tes ts  [5] .

‘i’llc extent o f  ttlc a r c  attaclj]lmnt zorle  is  iill ill][~orlarlt,  ~,arar[wtcr  ill tlIc II IOd Cl t)(callsc  it (ictcrrl]i[)cs
what flactioll o f  tile boutl(lary  is  suhjcctcd tc) ttlc a r c  Ilcat irll)llts iilld  it i s  Ilscd cc)[lll)iltaticilla]ly  t o  Ii[[lit
ttlc total currcl)t (0 the desired value. It is, of course, very difficult to lIlc&surr- directly t]lc  s(lrfacc c.orrcrtL
dcllsity  or t}lc l)cat fiLIxcxi I II tllcsc cxl~crillicrlts  filter l~liotogral)t)y  ar]d cIllissiorl  sl)cctr<,scol)y  were used (,o
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l’igllrc 7: I)istri})ution  of lIIC 488 nln  Ar II line i(ltells~[y  Cfistributio[l  at 6(KI A a]lcl 1.5 kl’a for a j)urc  tungstcll
Catlloclc.

r e s o l v e  tllc rc,gions  of nmt, illtc]lsc argon ion Iillc elllissioll and aII estimate of tlIc attriclimcltt  area 0 1 1  tlIc
ciitliodc surface.

I;xall]l)le c o n t o u r  I)1OIS of tllc 488 IIIn l)li~~lltllcss ICVCIS arc SII<,WII iti l’i~s.  (7) aud (8). ‘l’tic cotltour  Icv<ls
rcl)rcscllt ttle sallw brig,lltllcss  value fc)r cacl)  I)tot. ‘1’tle fi[st five col)tf)ur  Icvcls  arc sl)owli  tvitll  I]igller  values irl
illclellwllts of five units. ‘J’ltc largest ?;radicll[s for I)ot II ca(llodc IIlatcrials tcstml arc ot[ (tic  side of tllc cat IIotlc
IIcar tllc til). IIowcvc[, t}lc gradictlts f o r  tllc Ijurc  turl~st(rl cat]lodc arc [lot  as  large or as col]celltratccl as  irl
tflc  tlloriat,cd turlgstcll tests [8,5]. ‘1’tlis i n d i c a t e s  ttlat tllc arc irttattlrllcll( is Ilot  as collcclltrakd wi th  [)urc
tul~~,stc]l  M is cxpcctcd  froll)  its larger work fullct  if)~i. A l s o ,  illcrcasirlg tllc current causes colitours of ally
sl)ccific  value to lnovc  closer to tile t~asc. ‘1’llat is, tile arc attaclllllc[lt area increases with illcrcasirlg currcl]t.
‘1’tle ~naxilnurl)  c o n t o u r  values orIly ctlall~,c s!igllt]y,  illdicatirlg  t])iil  t]lc rnaxil]lurll ion I)rig}ltrlcss  d(ws  l]ot
~llii[l~,~  sigllific.arltfy  wit]l  currcrlt. If OIIC call  :issu IIIv that tllc I)rip,llt IICSS c o r r e s p o n d s  tO ion d~llsity, tll~ll  ~lIC
l o c a l  ion de~mitics  w o u l d  [lot significantly  clIaIIgc  wittl cur[cltt. Since  tllc catllodc til, tcr[il)cratrlrc d i d  II()(
CIIir  IIF,e s i g n i f i c a n t l y  wittl currcl]t.,  tllc loctil c~trrcrlt  dcllsity  is I)rc)l)al)ly si[nilar lwtw(cII curretlt ICWIS. AIwJ,

sillcc  sil[lilar c.ollclitiolls  e x i s t ,  tllc sllcatll Vollil~,CS  Sl]()(lld I)c silllllal ‘1’llcrcforc,  si[lcc  t}lc io]ls arc  l)riltlalily
I)r[)duccd  frorll  micrgy ol)taiilcci  I)y tllerlrliollic clcctlc,lls I)assillg  tllrc,llgll  tllc slleatll, c(lllal  t o  currcllt dcllsily
Iillms  tllc sllcatll volt  ap,c fclr a  givcll  lcrl~,tll of ti~lwl otlc  M,o(ll(l Cxllect  a  corrclatic)ll I)cl.w,ccll t.flc caLIlotlc

t(llll)eraturc and t,llc ion briglttacss co]ltours. Siltlila[ly, tlic cxl)arlsio]l  of tllc cc)lltours  t o w a r d s  t!ic  (atllodo
I)asc wit.fl iricrcasing  cllrrc~lt  also agrees w,(, II tvitli  tllc catllodc tcrlll,craturc rcs~llts.  ‘1’II:,L is, C,IIC would  Cxl)cc(
tll( io[l I)rigl)ttlcss a t  a  s})ccific  a x i a l  Ic)ca(l[)rl t o  illc[easc wit,ll arl irlcrcasc ill tltc cat  tlodc  krnl)craturc  iit

tliat loca t ion .  Silllilarly,  Lllc cat}lode tcllllwralures  arid ttlc ljrip,lllrl(ss corltours ex[)arl(l  closer  to t}lc catllo(l(
I)a.sc for ttlc 1.5 kl’a trsts tllari for ttlc 3.(I !iI’a tests as ollc  wollld  cx]wc.t.  IIowcwr , cxt  rcrlw  care Illllst I)c
Ils(.d irl tl[esc assur[l~)tiolls t)ccallsc oIIly  orlc Clicrg,y. ICv<,l  tra~[sit ion is I)cirlg  corlsidcr(.d, aIId t,flc gas rrlay r]ot
bc in local  thcrrnodyllar]lic cquilil)riurll.  AIso, the iorl rlurl)l)cr  dcrlsity is riot a lirlcar  forlct,iorl  of the currcl)t
density.
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l’i~,urc f+. l)istril)ution of tlIc  488 nrn A r  1 1  li~ic irltcllsit}  distril, utio]l at 1400 A  a]ld 1.5 kl’a f o r  a  l,urc
tIIIIgStCII catllocfc,

‘1’l[c cat,l)orfq  crllissioll  cltarac.tcristics for cacll  Ol)cratitlg co~lditiorl  were  c a l c u l a t e d  f r o m  tllc Ilica.surcd
cattlodc Wni)cra(urc profi]cs. l’irst, all average efl”cc(ivr work fultctioll,  I)rcscr((cd  ill ‘1’able (l), was  calclllatcd
for cacll  c)f t IIC olwratilig ca.scs. ‘1’t]c tl[rrlllal irllagc  c)f (’iiCtl  cattlo(ic was used to dctct[nirlc tfIc radial rdgc

l)rcssllrc (~urrcllt (A)
- (kl’a) 600 1000 1400

1.5 4,1694 4.1896 4.2045
3.0 4.1166 4.1334 4.1632

‘1’al)lc 1 :  l;xlmilliclltal cfl”cctivc wwrli fu[lctioll  vtiliIcs  f o r  I)ure  turl[:slci] catllodc c)[)cratio]l,

Imatiotls. ‘1’l!csc radia l  values were  Lllc[l uscci k c{,lIII)utc  tlIc surface area for tact) axial loca(ioll usillp, a
Lral)czoidal  lIIe[lIod. ‘1’llc a r e a  o f  llIc  eletl  IclIt a( LIIc til) iilcludcs I)otl) tllr si(lc  a r e a  arid ttlc ti~~ sllrfacc
area. (Jsirlg  tllc l~leasurccf  Lellll)cratllrc l)rc)fik,, tllc surfficc iircas alId Lt}c tfotal { urrc[lt, tllc avera~,e  efl”ic[ilc
work  fu[lc.tioll  w a s  calculakd, ‘J’l~is calculakd work flllictioll illc,ludcs  bot,ll tllr rllatcrial w o r k  f~lllct.iorl arlrf
arly lowcrirlg  co[lditior]s suclk &$ llie Scllotl,  ky efkct. ‘1’lle average cflcctivc work fullctioll illcrc:iscs \iitll
illcrcasillg  currcl}t and decrcasi]l~,  [~ressurc.  Siilcc  tlIc  II)atcria I  w o r k  fullctiofl is llc~t cxpcckd LO cllall~,e fc,r
])urc  turlgstc[l, tllcsc c h a n g e s  are l,rol)al)ly  duc  to ctlarlp,cs ill tl[e e]cctric  ficl(l  tillicll irl t(lrr] l)rod(lccs  (Ila]lgcs
in t }lc cff’cct ivc work furlctioll t)y t IIc Scllottky  cfl’cct.

Using  ttlc calcula ted cffcctivc work  furic(iorl, tile attacllrlwllt a r e a s  c~)rrcslmndil]g  to 2 5 ,  50, 75 arid
()$ ~)crcc)rt, of t,/Ic total currc[lt were calculatccf, ‘1’llc att:icllr[lctlt area.s fc)r the dif[crcnt crlclosccf  currerlts arid
bc,tfl ~)rcswrrcs  a r c  shown  in F i g .  ({)). All o f  tllc areas illcrcasc al)l)roxirr~a(cly  cxl)ollclltially  w,ittl currellf..
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I’or c:icl] attactlrncnt area a]ld  cut rcllt corllbirlatiol], tlIc  tatlIc,dc terlll,r-latllrc, Ii{lC},, assulnil)g  that all of Itlc
curretlt is fmrn thcltliio!lic electron Clnissiotl,  was calcula[c(i usilig tllc l{ichardson  equatioIt. ‘1’llis tclll[)rralure
i s  (Ilc v a l u e  tl]c ca(hcdc  w,ould tlavc if t.tlc at, t,acll]l]cr]t  area 11.ad  a urliforI]] tcrl)pcratr]rc. ‘Illcrcforc ttlcsc
kl[lj)eraturc  alIcl area values call  I)c IIscrl to co]nl)ate tlIe cxl)cri[lmlital  results with ttlc quasi-two Clir[lcrlsiollal
catllorlc  Imdcl.

1 0

[:”-
. — — — — . . . . . .._8:

61 : -----4) : ~

4: .--+--::::--  ~ ~~_,. ,_ _.--— P I cssurc Current
/~_---’: ~

/p
linclo.scd

2
,------ j

(kl’a)  (pcrccnl)
~ //>.__J

-A– 1.5 25
“’--”rJ&Liy--

li ..&.-_.---:ri_w__.-.-w :;- ;; :--$/– 1:5

() :“

y– :% 3
, &.Y ,

..~— -: +  3:0 7 5

2 -0 -3.0 984“—6 / ’ ,  ~

oI -L–+.-.–+v.+.+--.-.~=. ._-&_.+T..
600 800 1000 1 ?()() 1400” 1600 1800

I:ip,urc  9: A r c  attac}llll[i]l area-< for l~urc t[lti:,stcll cal]Iode o~wratio]i.

‘1’IIc  correlation l)ctwccII  ttle 48811111 Argo]l  11 lirle crllissivity  I]rigtltlicss a~lrl tllc calculated ca(tlocle  currcilt
(I<,rlsitics for all of tllc I)urc  tull,gstcll  tests is SIIOWII ill I’ig. ( 1 0 )  ‘I}IIC  currcl]t cicllsitics were  c a l c u l a t e d  u\ III~,
ttlc Illcasurcd cathode tmlllwratures  a~ld ttlc dfcctive work fullctior]s talc.ulatccl above arid  giverl  it) ‘Ilrble  ( I),
‘J’llc 48811111 brigl)t.rjms  valum were  tllosc OIIC I)ixel al)ow tllc surface, ‘1’tIc peaks oII ttlc rig}lt side of ttlc IIIc)I,
arc froln  the large briglltllcss values o}wcrvcd  IIcar  tile til). ‘I’l Ic curvature  orI tlic left side Inay  lJC a ca!l]cra
cfl’cct, ‘1’lIc brightrlcss  values f o r  lmttl tllc 488 11111  ilnagm and tllc cattlodc tcrnpcraturc ifllagcs  f o r  ttlc Icfl
l)(,rt,ioll of tllc gral~lt arc  IIcar  t,lie (Ictectioll Iililit  of Illc  calllcra atld tllcrcforc ]Ilay  r-c)lllaill sigllificarlt error.+.
All of tllc values tcrld to fall orl OIIC characteristic curve, Sillc( t tlc Illajor e n e r g y  source fcm ttlc iorliza(  i{rl
re~,ion is frorll  tllcr[lliollic  clectrolm t,citl~, accclcrakd tllrougll t IIC .sIlcatll,  OIIC w o u l d  cxl)cct there  to  t,, a
corre la t ion bctwccn t lIcsc values. IIowevrr, tile exact  correlation call  IIOt bc dctcrllliilcd I)r -cause bot,ll tlIc
,.l)(atll  vo l tage  and  i(,ll dcllsit.ies  are II IIk IIt IiVII. A cllrvc  fit. t{> IIIIS (Iata yields

III (c~ss) : ().(; :{:{0 -1 0.24878 III (j,,  ) - 0.03680 [III (j*)]2 (:)

<jr
Irl (j~) : - 2 . 4 1 8 - 1  3.8412  III ({~~) ( ) . 4 ( ) 2 7 8  [Iri ((~~~)]z (:))

h40dt:l )’rcdictiolls ulld ~;oll)])alis{,lls w i t h  F,xI~cl.itncll(  s
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l~igure  lo: Ilrigtltrlcss of tllc 488 n m  Argori  II Iillc cnlissivity a< a fullc[ion of currcrlt,  dcllsity  f o r  ttle [Jute
lull. gst(’11 ((%(s.

AII illuslratioIl of tllc flca~-catllodc pla.wlla  is SIIOWII  ill l:ig. (1 1). ‘1’IIc Ikl)yc Ictlgt.11, Incan  free I)ath, a n d
tllcrlllal, corlccrltratioll and rnolocn turn boundary  layers arc rq~rescllkd  I)y l.[), ],e: arid I,2,~,hf  rcsl)ectivc]y.
him th is  stlldy, o])ly  tllc s u r f a c e ,  sllcath, l)rcslicatll  allcf iollizatiol]  rcgiotls art: tliodclcd. III tllc rllaitl  I)ody  o f
tile ljla~rlla,  ttlr corre~it is ~~rcdoltiir)a[itly  carried I)y (lie clcctro]ls,  wllilc ill tlIc sl]catl]  regiorl tlIc ic]ll cl]rrcilt

Illay  rforrlillatc “Jb Illatcll tlIcsc tcgions  al] io]lip,atio]l  Icgio]l  (wlticll  ~lrf)duccs  tllc r e q u i r e d  rlulrlbct o f  i o n s
for  tllc sll{atll rcgiorl) i s  required  I)e[wccn  tlIc  shcatll arid tlic rllaili  l)la.sllla  I,ody. Silllilarly, a rccollll)illatiorl

Icgiorl  exisls at tfic catlloc!c  sllrfacc to j)roducc a t.rarlsiliorl  t o  IIurc  elect  roll corlduction  ili tile solid. A t  t}lc
surfac.c,  iorls arc also corlvertcd to ~lcutrals, which tlle[l  rc(urrl {c) (}IC l~la’<llla. A corllI)lctc  dcscri])tioll of ca,cll
rcgiorl  l[iodcl,  tile o v e r a l l  rlcar-catllodc i)lasllla ~])odcl a n d  salnl)lc sc)lutiolls  arc given  in l{cfs. [8] arlcl [5].

lrl gcrlcral tllc catllodc surfiicc i s  cllaractcrizccf I)y t}lc rllatcrial, tlIc surface firlisli arid tllc tern~, craturc.
J~or this rl]orlc],  tlic rccolnl)il]aliorl region is assurl~cd  t{) IK irlfirlitcsirllallj tlli!l  arid  is corlsiclcrcd  as a surface
cflcct. ]Ilcidcnt l)articlcs frorll  tllc sllcatll IIcat the surface ~vtiile Clllitlcd I)articlcs coc)l tllc surface.  ‘I’l Ie crlcrp,y
I)alarlcc at tlIr s u r f a c e  l,a!a[l(cs  tl]c crlcrgy  dcl, ositcd arid [crtmved  I)y 111,  l)articlcs wfitll  Ilcat  coridoctic)r)  irlto
Lllc solid, arid  radiative, collvec.tivc  arlrl IIIa.W ( surface  eros ion)  trarlsl)ort to tlIc  su[r(~ulldirlg,s.  ‘J’hc s u r f a c e
lIcat flIIx i s  t.lIr rlct  o f  tlIc  cl]ergy dcl)rxitcd  frorll  t IIC i(lcirlerit  ions  all(l l~l:isllla clcctrorls,  aIId tlIc crtcrgy
rcrlmmi I)y tllc Lticrlnioriic  clcct,rolls. ‘1’IIC irlcidcrtt ions  tire rccorl]l,  illccl arid rccrnit ted as nclltrals.

];or tligll catliorle tcllll)craturc%, tllcrrlliorlic cll~issioll  i s  tllc dot[lillallt c~lrrcllt  corlductiorl Incclla[lisrll  ii)
tlIc  rlc:i[ ca~llodc  r e g i o n  [ 1 2 ] .  ‘1’llcrrl]iorLic clnissioll i> dcscrit)cd I)y tlIc I{icllar(lsc)tl  -l)llsllrllall rclatiorl  [13].
in additic~ll,  L}IC surface electric ficlcl acts to crlliailcc  tllc e]llissiorl,  a ])}l([lorl[crlorl  kllov.fll  iiS tllc SC}lOt-

tky CflCrt  [ 1 3 ] .  ‘1’IIC trlagrlitlldc o f  tllc ckctric field al tllc cattlo(ic sulf:icc is j)rilllarily rict(rlr}irlcd  by t h e
cllaracteristic.s of tllc slicatll region.

‘J’hc sllcattl rcgioll  is assurllcd to contain collisiorllcss l)articlcs with col]starlt total crlcrgy (jmtcrltia] I)IIIS

kiltctic). Six sljcc.ics  arc corwi dcrcri:  r]lorlcwllcrgctic  tlicrr[liotric or I)calll  clrctror,s, sir,gly. arid dout)ly-cllarged
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rnor Loer]ergctic  ions for two  rlm[la~otllic  gases , allcf Maxwcl]iarl  Clcctrolls origirla~itlg i[l ttle l)la.srlla [14,!)].
Ikwbly-rllargcxl  ions  were addccl  to a I,r(viously  dcvelo~wd  model  [ ] .5 ,2]  tmcausc il Ilas t)cwrl s(]~,gcstccl tha t
cathc,dc IIeating frolll ctoul)ly-ctialged ions  Illay L,c significarlt at low ljrcssurcs for Iligll-currcllt discharges [13].
l’urther, ttIe  sl)cat.tl  tllictiness  is a.wurtlcd  (o be rlluct] less  t]lan the l,ar[lmr radii of ttIc  l)art icks, all(f ttlcrcforc}
IIlagIletic  field  effects  orl tlIc  IJarliclc trajmtorics arc tlcgligihle.

l;crr a stat~lc  sltcath to occur, ttlc io]ls Illllfi(  c]lkr ttlc stlcatli wittl cncrgics  e q u a l  t o  o r  g r e a t e r  ttlall tl]c
11011111  rnirlilllurIl  cllcrgy [16]. ‘1’t]c ior]s IIcrc arc assullmd to  clltcr tllc stlcatll wit}l crlcrgirs equal to  ttlc IIc)ll[ll
rllillillml]l  cmcrgy  wllicll  i s  rcl)rcsclltcci W- tllc 11011111  Imte]it  ial. “1’IIc l,las IIIa clcctro])s  arc assllr IIcd to I)e
hlaxwclliarl  arid refcrcrlccd to tl]c  clcctrt)ll dcllsity  at tllc sllcatlt edge .  ‘1’llcsc c]cctrolls fall i[lto  t~{’o c l a s se s ,
I)alnc]y  ttlosc w i t h  sllflicicllt tiillctic CIICIF,Y (0 ovcrcorlm  tile sllcat]i rcta]dirlg, l)otclltial arl(l rcacll t!Ic catllo(lc
s u r f a c e  arid  f,t)osc with insufficierlt cllcrp,y ttlat arc rcl)cllcd I)ack to tile r]laill  I)lasllla ‘1’IIc cortcsl)ollcli[l~,  (IIIX

o f  tllc high  crlcrgy clcctrorls c o n s t i t u t e s  [tic  l)l~s][la  c]cctroll currcl]t. “1’llc olie-dilllftlsic)rlal I’oissc)t) cllar~c

cquatiori is uscct to dcscribc ttlc electric field a]icf ttlc electric I)otclltial
‘1’IIc iorlization  mld {)rcsllcatll  rcgioris  corlilcct tllc slicatll region wit]i  tile rllairl  l)laslna I)ocly [ 1 7 ]  [ 1 3 ] .

‘1’lic I)url)osc  o f  tt)c  I,rcstlcatll  rcgioll  is to ac(clcralc tllc io]ls s o  t h a t  tlIcy clltcr  tllc sllcatll rc~,ioll wit]] t!Ic
IIlillirnurn  cllergy required  for  a  st. al)lc  sllcat.  tl (lk)!IIIl ellcrgy) [16] .  lb[ ttlis l[]oddl tllc ljrcsl)catll  rcgioll  is
collll)i[lcd  wit]]  tllc iol]iztitioll  T,otlc hy lcx~uirir!~,  tllal i o n s  Icavc  tllc ic)llizatiol)  rer,iol]  Ivitll tllc IIotllll  cllcr~,y.
‘J’lIC icrnizatiorl  rcgim)  gclicra(cs ttlc r e q u i r e d  Ilullll)cr  o f  ion atld c]ec.trou  ~Jairs t o  Ilmtcll  IIIC sltcatll and
[Ilaill Ijlas]lla l)c~dy v:il[I(,s. ‘I’l Ic I)lasllia  tcllll)cratrlrc i s  dctcrlllitlcd frorll tllc crlcr~,y l~ala[)cc and tllc ~JaIllclc
llulld~cr  dclwitics arc dcterlllillccf I)y tllc $;alla r-quatioll  (cquilil~rillrn  ic)llizatic)ll/recc)  rlll]illatic~I]) [ 5 ] .

‘1’tlc data flo[[) ttlc ]Ow-l)rcssurc  cxl)crilllctlts  wittl  ttlc I,urc LIlllgstctl  catllodc collll)arc well with tllc lll(~(lcl
I,rcdictio]ls.  ‘J’l)c IIIodcl  l)redictiorls f o r  a  catlloctc wittl  ttlc sallw p,corllctry  a s  tllc cxIJcritlw[ltal o!lcs  allct a
w o r k  function c)f 4.35  cV [18] arc slIow II ill I’igs. (12) tllrougll  (1 5) .  ‘J’l Ic w o r k  fl]llcliorl  rc(luctioll l)rcdi(  (cd
I)y tile ]mdcl for t Ilcsc o~)crati]lg  coridll  iolis is about 0,15  cV.  ‘1’wo  ty~m of Collll)ariso[ls  w e r e  [Iladc.  ‘1’tlc
resul ts  for  t)ot]l  colllj)arisor)s arc l)rmcrl[cd  ill ‘J’al,lc (2)  I’irst, ttle attactitnclll area f o r  tllc exlwrillwrtlal
d a t a  wasi rllatctlcd  to ttlc rnodcl  attaclirllcitt a r e a  value  ct,rrcsl)c,lldirlg to ttlc lc)cal Illirlirllu]rl  irl tllc eflcctivc
w o r k  furlctiori. ‘1’IIc va lue  of  7jLlct, was  tlictl detcrlllillecf using tllc cxpcril]m]ltal  area artd thr cxl)eri[lwrltal
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Sl)cath Voltage as a functiotl  of catf]odc (c[l]l)craturc for  a  l)utc Luligstelt  catllcrde  arid  a l)ressurc
w i t h  cutrcllt as a paralllctcr.

dfcctivc work  furlctioll.  ILecall ttlat tllc Cxl)crillwlltal (flcctive work  fu[lctio[l  is deter ]nirlcxl fror]t (Ile catllc)dc
tclllI)cratorc ciistrit)ution  arid  tll~> total current. ‘1’IIc [r-la(ivc  diflcrcllccs  for tile t w o  Lcrlll,eraturcs  arc 0.2’1,
0 . 1 5  al]d  0.27  ~wrccrlt  for 600,  1000 and 1400 A, rcs[,  m(ivcly. ‘l’tie difl’crciiccs  ilt t,ltc c~cctivc ~~wk fur]ctiort.s
were  0.49, (),10 allcl 0.20 IwrccIlt, res])cct.  ivvly. ‘1’IIv ri]t,dcl  clcctcorl  tc}lll~crfilurcs  arlcl sl]catll voltages arc also
c o n s i s t e n t  with mcmurccl clcc. tro]l tclll~)craturcs arlcl arc vol tages .  ‘1’llc cxcellcrl(  a.e;rccllwrlt  I)ctwccll  tllc two
cflcctivc work fullc.t iorls indicates that t.fic I[lodrl is Ilrol)crly dctcrrrlirlirlg the surface clcc  Lric field for tlic
Sc}lottky  eflf.-ct. ‘1’ile agrcelllcrlt l)C(WCCII  lIIC t,crlll)crallrlcs irldicatcs tl)at tile I{icllarclsolr  equatiorl  is I)rol)crly
dctcrrllirlillg  tl]c thcrlnionic Clnissiotr  current  Clerlsity arid that tlrc lnajority  c)f tllc total currcllt is carried I)y
tllc tllcrriliol]ic e l e c t r o n s .  ]Iowcvcr, tilis ~llctllod  dots  riot I)locfucc  a lcq)catal)lc arlloulrt c)f cllc]osccf  currell(.
‘1’IIc erlc]oscd  currmt values f e l l  bctwccn 70 arid 85 l~crccrlt  f o r  a l l  o f  tllc I)urc  tu[lgstell Cxl)crilrmlts,  Ilut
there i s  Ilo al~])arellt  c.orrclat.  ion I)ctwccll  cliclosed c[lrrellt I,crccll{agc slid citllcr Lc,tal currclit o r  IJressllrc.
‘J’llis II IetlIori  is caI)al)lf2  of l~redictirl!;  catllodc o])ci;itiollal  cllaraclcristics sillcc 110 adcfitiolla[  irrforlrlatioll i s
rlccdc(l.

l’or tllc scc.or}d  corrlJjarisorr,  the cxlwrirrwtltal  at tacllrrlcrlt  area corrcsl)orldilig  to 98 ~)crccllt  of t IIe erlcloscd
currvrlt  w:is dctcrrnirlcd. ‘1’i)crl  L]IC  catt]odc tcl!ll)(ral \!re ill (]IC IIIOC{CI was ac}justcd  tcl ~,ilre a  corl~},aral)lc
attaclltllcllt area. ‘J’lIc r e l a t i v e  differ crlccs fc)r tl]c  two  terl]l)craturcs arc 0.68,  0.8{) arid  0.{)4 l,crccrlt f o r  6 0 0 ,
1000” zirld 1400 A, rcslwctivcly. ‘l’lie Cfiflcrcrlc(s  ill tl]c  efi”ectivc wolli  fllrlctiolls w e r e  1  14, 0.63  and (1 46
}wrcc]lt,  rcsl,cc.tivcly. Altllougli  tile cliffcrcllccs  arc sllg,lltly  Iargcr for  [Iris {olri~,ariso]l  tlLcy a]c s t i l l  tyj)ically
l e s s  tllzin o]ic pcrc.erit. It  was Cxi)cc.tccl that t}lc diflcrcllccs with this rllctllod ww]ld  be lower tllall for llLc
first  rlrcthocl  s i n c e  tl)c  catl]odc conditic)l)s  for  !)8 IJcrcrllt of ttlr crlcloscd  cur[ctlt should t)c C1 O S C  t o  tllosc
f o r  tl)r ent i re  catlloclc (100  perccllt c,f tllc culrrtit). ‘1’tlc ~)rol)lcrll witl[  ttlis tcclirlique, Il<mwvcr,  i s  t h a t
t}lc a t t a c h m e n t  a r e a  corrcsl)o]ldiug  to WI I)crccrlt  of crlclosc(f  currcrlt is not kuowil  a-pr ior i .  l’or predicting
olwratioria] ctlaracteristics, arr aclditioljal  rmdcl, Sufl) as a]] a r c  COIUIJI]I  ]IIc)dcl, wcJulcl be [Iccdcd  to detcvlrlinc
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Ca[l]odc l”cn~[xra(urc  ( K )

I’igure  15 IYfcctive work  fullclioll as afullc(ioll of catllodc tc[rll)craturc f o r  a  IJurc tuligste[l catllo[le  aticl a
I)ressilrc of 1.5 kl’a w i t h  currc]lt as a ~jararnetcr.

_d,,tir,  -  hfo~~l

I,ot  1; v,

- (A) (K)
600 3321 8.450
1000 3355 7.605
1 4 0 0  3 3 7 4 7.201

A r e a  hfatc!l

“600 3186 7.757
1000 3233 7.047
1400 3218 6.619

Solll,
r; AaLtacI,($ (cl,?)

1 1490 1..5479
1 1393 2.331
1.1360 3.086
h{c)dcl Sol[l.

() 8942 3.391
() 9103 4 .55(3
() 8876 7.234

hi
(c\’)
4.190
4.1:)4
4 I{)fj

4.?17
4.216
4 ?.29

}’:x})t.
Aattact, 4< [!

(c,,,~) (c\’)
1.5426 4.169
2.427 4.1!)()
3.041 4 ?01
I’;x])t. 1 )ata

3.386  4 16(J
4.564 4.1!)()
7.237 4.204

IJata
7 i{,.},
(K )
3328
3360
3365

3208
3262
3248

ICr,cl
(%)
80
85
75

‘1’al)lc 2: hlcxlcl  s o l u t i o n s  altd cxl,vrl~lwntal data for tllc l)iirc  tu[igsterl  catll<,dc  corlfiguratiorl at 1.5 kl’a
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ttle attactlllwllt area.
‘I’tiesa!i]e tw’o)[lct.tlo{{sw’cr c(lscd  for cor(ll)arisollswfitll ttlctcstsat alJrcss Llrcc~f3. okl’a. ‘I’tlccollll]ar isc)rls

arc i)rf.-selltcrf in ‘1’al)lc (3). Ior tltc Inillilmlm work furictiorl  co[llljarisolls,  tlie relative diftercl]ces bctwecl[ tllc
l]]ocfcl catllodc Lelllpcraturc and YillCl, are 0.84,  1.28 atld  1.09 IJerccllt for 600, 1000 arlrt 1400 A, rcsl)ec.  tivcly.
‘J’hc differences  ill tllc cfrcctivc work  functimls  were 1.04, 0,76 allcl ().112 Iwrccl,t, res})cctivcly.  l:c)r t h e  98
pcrcc[l~  criclosd ctrrrerlt cor[t[]arisorl  the r e l a t i v e  diffcrcmces  betwccr) tt]c rnocfcl  cattlorfc  tcrni)crature and
Iil,cl, arc 0.043, 0.061 and 0.34 jwrcr-rlt  for 600, 1OO() arlcl 1400 A, rcsl~cctivcly.  ‘1’lleclift’crcllcm  irl ttlccffcctivc
w o r k  fur]ctiorls were 2.0, 1.76 arid  1.18 percerlt, rcslwctivcly.  Agairl, tllc rrlc)dcl clcctrorl telnl)eraturcs arid
sljcatll voltages arc also reasorlal)lc for l)otll corllJ)arisrJ1ls,

lto~
- ( A )

600
1000
1400

600
1000
1400

(1{)
3434
3474
3497
Area
3256
3272
3271

Modci
v,

8.69!3
7.793
7.369

h4atc.11
“7.859
7.033
6.627

Solll.
r,1, Aat(a.l,

(c’\’) (clrl~)

1:1847 G.8(150
1.1844 1.2035
1.1864 1.5845

‘Model sol],.
0.897:)”  ““2.192
0.8888 3.582
0.8783 5.243

(’m
(Cv)
4.160
4.165
4.168

4.201
4.?08
4.213

AatLac,,
(crn~)

0.812-(’
1.2512
1.5987
l“:xpt.
2.192
3.582
.5.247

}’k])t.

d)m
(c\’)
4.117
4.133
4.163
I)a(a
4.117
4.133
4.163

I)a(a
‘Ij{,ct,
(K)

3405
3430
3459

3255
3270
3282

Icr,c,
(%))

75
75
70

‘1’able 3 :  h40cfel solutimls and cxlwrilllcntal data fc)r tllc l)ure tllrl~sterl cathc,cic  corlfiguratiorl a t  3 . 0  kl’a

‘J’lIe  resul ts  f r o m  ttlc two dirllcnsiorlal  rllodcl  were  Ilot  sigllifical]tly  rtiflcrcllt fror]l  those  of  tlIe  quasi-
two  rtir Ilrrlsiolial m o d e l  f o r  tllc o})cratillg corlcii~iorls corisidcrcd tlerc. ‘I’l Ic ca thode  ccrltcrlirle and Surfa(c
[clill~erature  for two exa]]il)lc  cases arc sII(w’11 ill I’ig (16).  As cxI, ccImi LI)C radial tcll~l)craturc  v a r i a t i o n s
a r c  srllall corn~lared  k) tlIc axia l  OIICS. l;or all of !Ilc Irlodcl  solu~iorls  [lit catllodc tcrllI)cratur(~s  w e r e  ulliforrll
ill tlIe  ;irc attaclltnent area. ‘1’llc teln[)crattlrt vwifitiml was  us[lally Im+ tllall 5 0  }(. h’~iir tlic til),  tllc  surfa<r
tcrlll)craturc is  ]Iigllcr  t]larl  tlic cerltcr]irlc va]uc  I)ccallscc]ftllcsllrface llca~irlgfrolrl lIIC a r c  attacllrncllt. At
tlIc  tij)  tlIe two tellllwratrlres  are closer I)ccauscof tllc arc attacllltmllt. Ul,strcalncJftllc attaclll Imrlt area tllc
ccrlterlitlr tcrnlmraturc is higllcr ttlall tllc suIfacc tcinl)crat. rlrc I)ccausc of !Ilc radial c(mlil]g  due to ractiatioll.

A  cotl]~)arisorl  l)ct~vcerl ttIc  cx[]crirlicrttal data ~IId t~vo r[todel  solutiolts arcsllo}vtt  irl IJig. ( 1 7 ) .  Agai)),
(lIc va lue  of  ttlc t)~sc tclnl)craturc wa.ssclml(d  to F,ivc a rcaw)]l;il)lc  rliatcll to tllc exl)ttirlictlt:il data  Ilcar tl)(,
cathcdc I)asc.  ‘1’lle rrmdcl  \vas riot  scr]sitivc to tllcsc adjustr[le]lts, arid ~’filues o f  1500  arid ? 0 0 0  1{ ])roduc(d
si}jlilar results, ‘j’t]r catliodc  ti[) tc]]]jwral~ll(v+  ag[ce q(litc well cvct] tlIougll ttlc IIlodcl  currcrlts  were larger.
A s  wi(ll  tlIc l)rcviolls [e]]]l~craturc  p r o f i l e  cc>llll)aliwxls,  tllc rlmdrl l~rcdicts  a faster decrca.w irl tllc catllc)(lc
tcri~l)crature  asorlc rlmves  towards  ttlecatllodc tlast, Alt}IouglI tllc rlm(lcl  agrees well with tllcex~mritnclltal
(Iata, it is still riot cal)at)lc of accl)ratcly I)rcdictirlg I)c]lavior  at otllcr corldiliorls twc:iusc ttlc attac.llrllcllt irr(ii
aIId !.Ilc sllcatll vollagc are riot krlowrl.

‘1’IIc data from t)o~ll tllc l)urc  ar]d tlloriat(.d  turlgsterl catllodc tests were used tocstilnatc tlIe  corlcla~io!ls
l,~twcerl  ttlcc.attloctc tcrn~)craturc,  ttlccfl”cctivc work fullc.tier] and tllccurrerlt dcllsity. ‘] ’llccurrerit  dcI)sity IS

sllowrl  as a  fut)ctioll o f  It[c cattlodc tcllil]el:iturc ill l~ig. (18). ‘1’lic co[ltilillc)~ls lillcs  SIIL)W t}lc currcilt ctcrlsit~’
l)rcdictcxl  froln t.tlc I{icllardsorl cquatiorl for diffcnerl!  cfrcct.ivc  w o r k  full(tiolls. ‘ll Icsyll Il)ols i[ldicatc the data

frornallofthc tests [)rcscrltd in tllisscc. tiorl.  ‘I’tlccattloclesf  c)r t h i s  rallgcc)f o~, cratitlg cc~rl(lit,ior~s al)l)car !0
olwratc  sucl I that tllc c(lrrcnt,  dcllsity  slowly irlcrc~ws with cattiocle krrllwraturc. ‘1’}ris trcvid issigrrificarltly
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k’igurc  18: (;urrelll dcllsity  a-s a fuflctic)tl  o f  CiitllOdC  t(l[ll)craturc

different froln what is prrxlictcd usillg t}lc ILicllardson  cquatior]. ‘1’IIC I)urc turlgste[l  data llavc  a sllal)c silnilar
to ttlc }{ichardsoll  e q u a t i o n  lilies  cwcr a sll]all  rarlgc, I)ut tlic tlloriatcd tuIIgstcII  d a t a  dc) Ilc)t.

‘1’hc cffcctivc w o r k  f u n c t i o n  i s  s}towll a-s a fu]tctiorl  of tlJc  cat  Ilodc  Le]nl)eratl]rc ill IPig. ( 1 9 ) .  ‘J’hc cx-
[)crirllc]itrd  d a t a  a])d t}Ic ]oodcl  [)rcdictioIls  usir]g  tllc 98 l,<rce[]t  cIIclcMcd  currcIlt  a r e a  ate SIIOIVII  with tllc

syIIIl)c)ls,  arid a g r e e  WC]]. A  Iirlcar  fit t o  a l l  o f  t,l)c cxl)erilllclital  {Iata  is alsc) sIIc)w,ll. IL a])l>cars  t}lat wlwrl
all of l}IC olwratillg pararnetms,  sue]] a.s attaclllllcllt area, sl]catll vol tage , elcctrc)r]  tcrllJjcraturc a[ld  surface
electr ic  f ie ld  are cor]sidcrcd,  ttlat tllcrc is a Iirlcar  rclatiol]sliil)  I)etwccrl tile cflrwtivc  work furlcli{)ll arid  [Ile
catllodc tcrnl)crat,urc.

‘1’hr curved lir)rs in k’ig. (19) arc l~rcdictiorls  frotn  ttrc [Ilc,del usirlg tllc lni]li[llurn cff’cctivc work fur]ctior]
Imirlt d i s c u s s e d  I)rcviously.  Althoug]l t,hesc rlmdcl  I,rr+ictiolls lIavc tllc sarrlc  slla~~c ar id  sirnilttr  slol)cs, ttley
[)rcdic.t  hig]lcr cathode tcrnpcratures for a given cflrctiw w o r k  furlctiorl va lue tharl  was okwrvcd ill tllc
cx~)rrir]mr]ts.  ‘Jl]is furtl)et co]lfirrns  that  tlIc rllirlilllultl cfl’f ’ctiw ivork fullctiori ])oirlt rtlay rel)rcscrlt  arl I]l)l]cr
Imurl(f  ori tlIc o])eratiot], b u t  d o t s  r io t  rcj)rcscrlt  tllc avera~}c  vfilues. ‘1’tlat is, for scmc of tllc ol)cratillg
I,c)illts,  t]Ic corlditio]ls Ilcar tllc ti[) ~vllcrc t}lc catllodc  tcrlll](raturc  is t]Ic Iargcst,  m a y  I)c rcprcscrltcd  I,y tllc
Ini]]i]]nlrI]  cffcctivc  work function I)oil]t ‘1’llcrcfore,  this rlwtllod  rllay  be useful for l)rcclictill,g  ol)crfitiotl at
t}lc IIottcst or llir,llcst el<)sion locatioi}  of ttlc cat.ll(xlc.

‘1’lle l~rirrlary  crosiorl mccllanisllls  f o r  s t e a d y - s ( a t e  cat]lorfc ol,cratic)rl  arc dcl)crldcrlt orl tllc cattlodc c,lI-
crat irlg crlvirollrlmllt. I;or low d i s c h a r g e  l)rcssurcs wllerc t tic ~a.s t rarls[)ott I)toccsscs can bc llcglcctcd, tllc
cval)oration rate can aI)l)roacll  t}lc vacuu[n cva~)oration  rate. A s  tllr  [)rcssure  is”incrcascd,  tllc gas tralisl)ort
l,roccss I)ecornc  illc.rcasiilgly  illll)cmtarlt  and tl)c  crosi(,tl  l,r(,(css is (lifl~lsiorl. Iililitcd.  ‘J’}Ic I)rescllcc  of ’  oxygcII,

even in small qualltitics, can significantly irlcrcasc tllc erosiorl  rate tllrougl] tllc forrllatioll  c)f volatile t urlgstcll
oxides .  ‘1’csts l)crforrncd t)y l’o]k  [19] Ilwasurcd erosion rat(s Ll)at w,crc a[)r)roxjrrlate]y  all order of rl]ag[lit, udc

less that tllc rates p r e d i c t e d  hy t}lc vacuurll cval>oratior[  rate indicating t]lat (iiff[rsiorl  l)rocesscs w,crc I,rcsc{it.
‘J’IICSC  tests also rcvcalcd an order  of rnag]litudc  irlcrcasc irl crosio[l  wlicr~ ])oorcr  gas I)urity was MM!.
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Cathode Tcmpcralurc  (K)

work  fu[lctio[]  as a funct io~l of catllc)de tclltjwraturc

‘J’llc vacuuin cvaporatiml rate w a s  u s e d  as a!] ul,l,cr I,cml]d l,rcdictioll f o r  ttlcw cxl)crirncllts  [19]. ‘1’l[c
vacuulll cval)orat, ion rate for tungstcrr  is strongly dcl)ellclcllt  011 tlic catllc~de  tctn])crature.  l’c)r [tic  tlloriatccf
tu[)gstc]i cat Ilocfe t e s t s  L}IC ca~]lodc  tctnpcraturws were  tyj~ica]]y  2600 2 8 0 0  i< $~’}lic})  corrcslmlld to crosiml
rates of 0.0090  0.113  I~g/c]n2s  wl]ilc  the ~)ure tungsten catllocie til)  tclilI)eraturcs  were t}l)ically 3400 3600  K
wliictl  rmricsl)orld  to erosion rates of 81- 167 IIF,/C. In2S.  ‘1’licrcforc,  ;i factor  of 1.3 i[lcrca.sc ill catllorfc  tcllII)cr-
aturc  produces rcnrgtlly  a factor of 1500 incrcasc in crosioll rate. ‘I’l Ie vacuull] cva]]oraticm rates for t,hc ])urc
tutl~,stcn  catllodcs are stlmvll  ill I’ig. ( 2 0 ) .  l’or cacll Lclll[)cratufc })rofile, tllc local cIal,oratioll rates were

Calclllatcd aIIri tlIctI corlll)incd  wit}] the  local  s u r f a c e  a r e a s  to [)lcdict tllc lcrtal  catllodc erosiotl. ‘1’lIc t o t a l
cva[mratiol) rates increase w i t h  currcllt b u t  d o  ]lot  a[~lx:ar to I)c l)rcssurc rlcI,cIIdcIIt  as SCCII  in J’ig. ( 2 0 ) .
l{ccall  that illcrca.sillg  tflc  c.urrcllt a n t i / o r  Clcc.rcasing tllc [)rcssurc rmultcd ill all iilcrcasc in ttlc a r c  attaclb
t]lclit  area atld an irlcrca.w  in t h e  o v e r a l l  c.at, hocfc tcln[)crat.rlrc.  l’or tlIe l)lrssurc irlcrc~ws,  ]Icjwcvcr,  t h e  ti[)

tellll)craturc decreased slightly. ‘IIIc incrcaw  ill t}Ic tcrlil)craturc aIId crosio[]  rates t,owtirds  ttlc catl[ocle  Last

ai)mr to lW (~ffsct fMI tlIC catllodc tcrllpcrat~lrc  and e[osi(~li ral~~ dccrCa~Cs a t  tllc catllodc tip AIL~MUKIL
tltc  catliocle t il~ area is stnaller, tltc tclrlpcra Lures w e r e  tile grcatw+( and tllcrcforc tcillJ)craturc clla(lgcs h e r e
would  t]avc  a Iargcr e f f e c t  OIL tllc crosioll r a t e .  ‘1’IIc total IIlass  lost duri(lg tl)e I)llrc  t.rlrlgstcll  catllodc tests
tva.s 2.098  g in 19.12 I]ours  wit,ll all a v e r a g e  curre]lt of {)(i] .3 A  for all avcrit~,c  Illass  loss rate of 110 lllg/llr.
‘J’llc vacuum cval)oratioll rate l)rcdiction  for this oi)cratioll was  4 S41 g Ivllicl] is a factor of 2.31 lli~;llcr t]lall
tll( actual IIIaSS  loss.

Ack IIc)w~l(:{lg(!I II(!IIts

‘i’iIc rcscarc]l dcscril,cd in t}lis paper was conducted  at the Jet I’ro[lu]sion  ],at)oratory, (h]if<)r[lia  ]rlstitutc
of ‘I’CCh II OlO~LV, ulidcr a contract with tltc Natiotlal  Acrmautics and  Space Adrllillistr<ttic)ll.

‘1’tlc autilor wc)uld like to thank Jay l’olk  and JolIn liro[)lly  for tile tccllrli(al acivicc  arid l]ill ‘1’tlogrnartirl,
IIob  ‘Ibmllatll and Al owcms  for their tcc}lrlical  assistarlce witl} IIIC catllcdr test f a c i l i t y .
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